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Abstract 
Often, earthquake is a tri-axial event, as in, it excites the system in all three directions. Evaluation of big systems like high 
capacity solar inverters for such events through testing is quite expensive. Trend these days is to qualify the system using CAE 
simulation, in contrast to testing. Simulation of big systems is always a challenge, as it becomes computationally expensive due 
to high node count and large number of modes in the frequency range of interest. In this work, seismic analysis is performed 
using commercial FEA software ANSYS. Conventional way of seismic simulation in ANSYS is to first excite the system 
separately in the orthogonal directions and then compute the tri-axial response by superposition of responses in individual 
directions. In this paper, based on the response spectrum analysis, a tri-axial seismic analysis methodology is proposed and 
implemented on complicated high capacity solar inverters. Proposed methodology calculates a resultant mode participation factor 
from mode participation factors due to excitation in individual directions and then performs the mode combination. It was 
observed that computational time was reduced to 1/3rd without any compromise in the accuracy of response. Also, proposed 
simulation methodology doesn’t require separate static analysis to account for the effect of missing mass. This further increases 
the productivity of a seismic engineer performing a finite element analysis. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Seismic qualification of the electrical systems is becoming a requirement by government and customers, 
especially when the size of system is big like high capacity solar inverters and transformers. As per the standard, 
seismic qualification can be performed either by performing physical tri-axial shaker-table testing or by dynamic 
simulation using the finite element method [1, 2]. Shaker-table testing is expensive, time consuming and becomes 
difficult as the size of the system increases. Also, being a proactive study, dynamic simulation can reduce the overall 
design cycle time unlike the physical shaker-table testing, wherein all the failure redesigns are reactive and costly 
affairs.  
 
In this paper, the analysis methodology for seismic qualification as prescribed by IEEE standards [2] is discussed 
for the high capacity (1500–1670 kW) solar inverter manufactured by Eaton. ANSYS, a commercially available 
standard finite element software for analysis of structural system under dynamic loading conditions, is used for 
seismic analysis. Seismic loading is a tri-axial transient in nature. It is a common practice to convert the transient 
loading into frequency domain loading to reduce the computational time. Conventional way of simulation is to first 
evaluate the response due to loading in individual orthogonal directions. Resultant response is then calculated by 
superposition of these responses. In this paper, a tri-axial seismic analysis methodology is presented which 
significantly reduces the computational time. 
2. FE modelling 
Three dimensional CAD model of the solar inverter is shown in Figure 1, which is used for developing the FE 
model. 
 
 
Fig 1.Three dimensional solid model of solar inverter in Autodesk inventor. 
The model is aligned to the universal coordinate system. The solar inverter consists around 15000 components 
and hence it was impossible toconsider all these components for FE analysis. So the first step was to get rid of the 
components that were insignificant. Also, FE model generated using 3D element could have consumed huge 
computational resource. Hence, in order to reduce the DOF and computation time, a simplified FE model of the 
solar inverter was developed using 1D, 2D, 3D elements and lump masses appropriately. It was made sure that the 
developed FE model properly captured the dynamics exhibited by individual component & assemblies. The FE 
model built for analysis is shown in Fig 2. Major structural components constituted around 31% of the total 
assembly weight and they were modelled explicitly for finite element analysis. The built FE model had 0.23 million 
elements and 0.63 million nodes. 
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Fig 2.Simplified model for finite element analysis; FE model in Hypermesh and ANSYS. 
Remaining 69% weight of different electrical components in the inverter were modelled as lumped masses and 
connected to the assembly using constraint equations [3]. This distribution of lumped masses using appropriate 
connections was a challenge and it was made sure that the connections simulate the dynamic behavior of joints 
appropriately. Constraint equations provide many useful features, such as tying together dissimilar meshes, 
representing parts of the system that are not modelled explicitly, or distributing loads. CERIG (rigid) and RBE3 
(deformable) constraint equations were used in order to capture the dynamic characteristics of the system accurately. 
The positions of the lumped masses in two of the compartments are shown in Figure 3 for example. All welded and 
bolted joints were modelled using CERIG connection in the FE analysis. Overall, around 900 CERIGs were 
provided to define connections between different components of the solar inverter assembly. 
 
Dynamic response of electrical components dependson the reactions offered by the connected bus bars. Hence, 
appropriate modelling of the bus bars was necessary. Also, modelling of bus bars had greater flexibility and 
significant dynamic effects. To keep the node count within computational limit, 1D beam elements were used with 
appropriate real constants. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3.Lumped masses and its connection with structural members in two of the compartments. 
To capture the system dynamics correctly, the Centre of Gravity (CG) and the total assembly weight of the FE 
model should be same as that of the physical model. Matching the CG of individual component and at system level 
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was a challenge. To adjust the CG, techniques like movement of lumped weights in appropriate directions and 
equivalent density were followed.  
 
The inverter was fixed at 12 mounting location with the help of anchor bolts. Assessment of the forces on the 
anchor bolts under seismic conditions was required to decide the bolt sizing. These anchor bolts were modelled as 
1D beam elements. Figure 4 shows anchor bolts at the base frame. 
 
 
Fig 4.Anchor bolts at the base of the inverter. 
3. Input load 
The input response spectra considered in this work is shown in Figure 5 and corresponds to Figure A.1 in “IEEE 
Std. 693-2005” specification. This was applied as a base excitation to the solar inverter. A damping value of 2% 
ofwas considered to be conservative. The specified acceleration or Required Response Spectrum (RRS) was applied 
simultaneously in the two horizontal axes (X and Z) of the solar inverter together with the vertical axis (Y). As 
suggested by IEEE guidelines, the spectral value for the vertical direction wastaken as 80% of the horizontal 
directions. 
 
Fig 5. High required response spectrum; IEEE 693 – 2005; ZPA = 0.5g; Damping = 2% [2]. 
183 Gyanishankar Sharma et al. /  Procedia Engineering  144 ( 2016 )  179 – 186 
4. Seismic analysis methodology 
Conventional way of seismic simulation in ANSYS [4] is to first get the response due to excitation in individual 
directions.The resultant response is then calculated by superimposing the obtained responses in individual 
orthogonal directions. The algorithm for response calculation using traditional method is shown schematically in 
Figure 6(a). It first calculates the mode participation factors of different modes due to loading in one direction and 
then performs mode combination to compute the vibration response. The same procedure is repeated for loading in 
the other two directions. Resultant vibration response is then computed by Square Root of Sum of Squares (SRSS) 
combination of responses in individual directions. The major limitation of this methodology is the response 
computation time. Mode combination was noticed to be the most computationally expensive process. 
 
In this work, a tri-axial methodology is developed to counter the limitations of available uni-axial methodology. 
Figure 6(b) shows the algorithm of proposed methodology. It first calculates the mode participation factors for 
loading in individual directions. Following it computes resultant mode participation factor from mode participation 
in individual directions. Subsequently, it does mode combination for vibration response. This way ‘the expensive 
mode combination process’ is reduced to only once in contrast to thrice in the conventional way. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6.Algorithm for vibration response calculation (a) Uni-axial methodology (b) Tri-axial methodology. 
 
Both the analysis methodologies described above were evaluated on a simple cantilever beam model for 
demonstration. Deformation plots from both the methodologies are compared in Figure 7. It can be noticed that 
results from both the methodologies are exactly the same. Idea was to reproduce the results of conventionaluni-axial 
seismic analysis by the tri-axial seismic analysis methodology. Subsequently, this validated methodology was 
deployed to efficiently analyze the solar inverter. 
 
 
 
 
(a) Uni-axial seismic analysis methodology 
(b) Tri-axial seismic analysis methodology 
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Fig 7. Deformation plots (a) Uni-axial methodology (b) Tri-axial methodology. 
For huge model as ours, with 166 modes for response calculation, computation time for response calculation due 
to loading in one direction was noticed to be 6 days and disk space required was around 200 GB, if the reactions 
were to be calculated. Hence for tri-axial response a minimum of 18 days of computation time and 600 GB of space 
was required.With tri-axial seismic analysis methodology, the expensive mode combination process is reduced to 
only once. This results in approximately 1/3rdsaving in the total computational time and disk space. Also, if the total 
modal mass due to modes in the frequency range of interest is less than 90% of the total mass of the system, IEEE 
suggest additional static analysis with forcing equals to the magnitude of missing mass time the zero point 
acceleration (ZPA). The developed tri-axial methodology captures the effect of the missing mass using MMASS 
command in ANSYS which internally does the static analysis. This further increases the productivity. 
 
5. Results and discussion 
5.1. Modal analysis results  
The free vibration response of the system was investigated by running a modal analysis in the range of 0 - 49.5 
Hz (cut-off frequency for modal analysis was chosen as 1.5 times the maximum excitation frequency i.e. 33 Hz) and 
capturing the mode shapes and natural frequencies in that range. These obtained modes were then used to run the tri-
axial response spectrum analysis according to the high RRS qualification level. 166 mode shapes were captured in 
the defined frequency range. Dominant modes in the X,Y and Z directions are shown in Figure 8. 
Seismic loading inZ direction 
Seismic loading in all three directions simultaneously 
(a) Uni-axial seismic analysis methodology 
Seismic loading in X direction 
(b) Tri-axial seismic analysis methodology 
Seismic loading in Y direction 
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Fig8. Dominant modes in X, Y and Z directions. 
5.2. Response spectrum analysis results 
The modes obtained from modal analysis discussed earlier were combined using the CQC mode combination 
method for response spectrum analysis as recommended.The total mass participation in X, Y and Z directions by 
considering 166 modes were around 88%, 68% and 81%, respectively, which does not meet the minimum 90% 
requirement suggested by IEEE standards (clause A.1.3.3). Therefore, the system needs a separate static anlalysis as 
discussed in the previous section is require. The resultant displacement and stress response due to tri-axial seismis 
loading plus extra static loads are shown in Figure 8. It was noticed that the baseline design of the solar inverter 
experienced higher stress than allowable at some place. Design modification (not included in this paper) based on 
the analysis were suggested and implemented to better distribute the stresses so that it does not exceed the allowable 
stress limit.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dominant mode in X 
direction 
Dominant mode in Y & Z 
directions 
 Displacement vector sum  von- Mises stress  
Fig9. Displacement and stress response of the solar inverter to tri-axial seismic loading as specified by IEEE standards. 
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6. Summary 
In this work, an efficient methodology to predict the response of a system to seismic load in ANSYS is presented. 
The developed tri-axial methodology reduces the mode combination process, which was found to be the most time 
consuming process, to only once as compared to trice in the conventional way of seismic simulation. This resulted in 
2/3rdsaving inthe computational time and disk space as compared to the conventional way of simulation, without any 
compromise in the accuracy of response. The computational time saving can be extremely significant if the model 
has large DoFs, as for the solar inverter. The methodology also accounts for the missing masses which are not 
captured by the modes considered. The developed methodology was first implemented on a simple beam model and 
validated against the conventional uni-axial methodology. Subsequently, a simplified finite element model of the 
complicated solar inverter was developed, analyzed and qualified as per IEEE standard.  
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